studied the CBF re sponse in humans acclimatizing to the sustained hypoxia of high altitude (3,810 m). Their results in dicate that CBF is elevated initially upon ascent to altitude but returns halfway toward sea level values over a period of 4 days. The observations of Sev eringhaus et aI. have been interpreted to indicate that there is an adaptation of the vasodilator re sponse of CBF during sustained hypoxia (Manohar et aI., 1984). By "adaptation" we mean a progres sive failure of cerebral vessels to dilate in response to a sustained hypoxic stimulus. This hypoxic ad aptation would be similar to the adaptation seen with sustained hypocapnia described by Fencl et al. (1965) and Severinghaus (1965) who termed it "resetting" (Severinghaus et aI., 1966). Hypocap nic "adaptation" refers to a gradual failure of cere bral vessels to respond to the constricting effects of systemic hypocapnia. It is important to recognize, however, that Severinghaus et aI. (1966) do not in any way suggest that CBF "adapts" to sustained hypoxia. Their findings that there is an abrupt nor malization of CBF with oxygen breathing in both acute and sustained hypoxia rather argue against this idea. The authors simply note that this drop in CBF may be attributed either to the gradual rise in arterial P02 or to the decline in Pco2 caused by pro gressive hyperventilation.
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To determine whether CBF does adapt to hypox ia per se, it is necessary to control not only arterial P02 but also arterial Pco2 and arterial O2 capacity.
EUCAPNIC HYPOXIA Krasney et al. (1984 Krasney et al. ( , 1985 studied conscious in strumented sheep in two experimental situations. The sheep were exposed to normobaric hypoxia (10% O2 in N2) in an environmental chamber for 4 days. In one group of sheep, the arterial Pco2 was allowed to vary (hypocapnic hypoxia), while in the other group of sheep, the Pco2 was held constant at the prehypoxia level (eucapnic hypoxia). In both groups, the arterial P02 was reduced to 40 mm Hg or 50% saturation of their hemoglobin. For the pur poses of the experimental question, the sheep pos sesses two advantages: First, ovine red blood cells lack 2,3-diphosphoglycerate so the O2 equilibrium curve does not shift. In fact, most sheep have a right-shifted O2 equilibrium curve, or a low-affinity type of hemoglobin (P50 = 40 mm Hg). Second, the sheep has a sluggish erythropoietin system so that there were no significant changes of hematocrit over the 4 days of the study.
In Fig. 1 , it can be seen that the arterial P02 val ues were virtually identical in the hypocapnic and eucapnic groups. The Paco2 declined progressively in the hypocapnic sheep and ventilatory acclimati zation was probably complete by 48 h. The hypo capnic sheep showed a temporary respiratory alka losis that was rapidly corrected by 24 h, a correc tion probably involving a mechanism in the rumen (Cun:an-Everett et aI., 1988). By comparison, the artenal Pco2 and pH were unchanged in the eucap nic sheep. Thus, both groups of sheep were isohy dric for the latter phase of the study.
Mean CBF as measured by radiolabeled micro spheres was elevated for 48 h in the hypocapnic group. After that time, mean CBF declined toward normoxic values and brain O2 delivery fell below normoxic levels. However, mean CBF remained el evated and brain O2 delivery was maintained for 96 arterial chemoreceptors in the peripheral circula tory response to sustained hypoxia (Krasney et aI., 1986) . In these sheep, ventilation did not change and ventilatory acclimatization did not occur during hypoxia after section of the carotid sinus and aortic nerves. Since the sheep did not change their venti lation, a similar level of hypoxia (P a02 = 40 mm Hg) was achieved by having the sheep breathe a higher level of inspired O2 (13%) and the sheep were spon taneously eucapnic for the 4 days of study. Al though the responses were more variable, there were sustained and significant elevations of total and regional CBF throughout hypoxia. These data further support the view that CBF does not adapt to chronic hypoxia. Lassen and Jensen (1990) measured CBF using the atraumatic method of intravenous injection of 1 33 Xe and portable scintillation counters in human subjects at altitude in the Himalayas. They found a 24% increase in CBF at 3,200 m after 4 days at altitude and a 47% increase of CBF after 9 days at an altitude of 4,800-5,400 m despite the develop ment of hypocapnia and some increase of blood O2 capacity. These data indicate clearly that the cere bral vasodilator response is preserved during sus tained hypoxia. In addition, CBF increased by �40% in a stable and nonadapting manner in five human subjects at sea level studied for 4-6 h when the O2 saturation was reduced to 60% and the arte rial Peo2 was held constant at normoxic levels (eu capnic hypoxia) (Jensen et aI., 1990; unpublished) .
Hours of Hypoxia
Recently, Bocking et aI. (1988) reported that a sustained increase in CBF occurs during hypoxia in the sheep fetus. Figure 2 shows the total and re gional CBF responses (microspheres) to partial oc clusion of the umbilical artery of the fetus for a period of 48 h. This method of rendering the fetus hypoxic does not lead to a fetal acidosis. By com parison, if hypoxia is produced by making the ewe hypoxic, then the fetus develops an acidosis and the rise in CBF is not sustained. Thus, in the absence of modulating effects from pH changes, a rise in CBF is sustained in the fetus for 48 h.
The changes in CBF that occur at birth are rele vant to the central issue of whether CBF adapts to sustained hypoxia. CBF is elevated relative to adult CBF levels in the fetus (Bocking et aI., 1988) . At birth, CBF decreases to adult levels in relation to two parallel events: As ventilation is initiated, there is both an increase of the arterial O2 content and a decline of the arterial Peo2• The important point is that CBF is elevated in a stable and nonadapting manner in utero in association with the sustained relative hypoxemia in the fetus. 
FACTORS MODULATING CBF DURING ACCLIMA TIZA TION
What are the possible factors that may account for the discrepancies observed between the studies cited above that indicate there is no apparent adap tation of the CBF response to sustained hypoxia (Severinghaus et al., 1966) and those studies that suggest that there may be an adaptation (Manohar et al., 1984; Huang et al., 1987) ?
Several factors must be taken into account that probably contribute to the basic CBF response to hypoxia. These processes have been summarized elsewhere (Dempsey and Forster, 1982; Winslow and Monge, 1987) . First, the acclimatization re sponse increases alveolar ventilation and thus leads to a mild elevation of arterial O2 content. In hu mans, there is an increase of erythrocyte 2,3diphosphoglycerate such that the O2 equilibrium curve for hemoglobin shifts to the right, facilitating the unloading of O2 in the tissues. In more pro longed exposures, augmented release of erythropoi-etin leads to an increase of hematocrit and an ele vation of blood O2 capacity. Of course the elevated hematocrit by itself will decrease CBF, as we will discuss later.
Acclimatization also leads to a decline of the ar terial Pc02, which has a vasoconstrictive effect and might be expected to reduce CBF in the face of a continuing hypoxic stimulus for vasodilation. It is clear that the "resetting" proposed by Severing haus et al. (1965) actually occurs. But the degree of this resetting of CBF to hypocapnia over the first few days is as yet unsettled. Although Severinghaus et al. (1966) proposed that HC0 3 -was transported out of the extracellular fluid (ECF) and that the perivascular fluid became more acid, the studies of Dempsey and Forster (1982) indicate that the brain ECF may become more alkaline during a sojurn at altitude. Nevertheless, the study by Fencl et al. (1965) indicates that eventually there is an adapta tion of CBF control during hypocapnia due to a readjustment of cerebral perivascular [H +]. This view is supported by the work of Levasseur et al. (1979) in which the vasodilator responses to CO2 in rabbit pial vessels were enhanced in rabbits after sustained hypoxia. The data of Severinghaus et al. (1966) show that CBF increased acutely at �12 h of hypoxia by an average of 24% above the sea level control value, decreasing to 13% of this level after 3-5 days of sustained hypoxia at 3,800 m. In evaluating these data, the increase in the hematocrit (from 42.2 to 45.0%, an increase of 7%) and the increase in P02 (from 43.5 to 51.2 mm Hg) must both be considered.
The P02 change would be expected to increase the arterial O2 saturation by about the same numerical value, i.e., by 7.7%, as the oxyhemoglobin satura tion curve plotted against P02 has a -450 inclina tion. Thus, with the arterial O2 saturation being re duced initially to a level of -75%, it probably in creased by 10%. If both factors are combined, an increase of arterial O2 content of -18% can be cal culated, a value that readily accounts for the ob served decrease of CBF. While modifying factors such as arterial pH and red cell 2,3-diphospho glycerate alter the quantitative aspects of this cal culation, the order of magnitude of the change of arterial O2 content must be correct. Therefore, we conclude that there is no evidence from this study that the CBF vasodilator response to hypoxia can adapt. The progressive reduction of CBF can be accounted for by the progressive increment of O2 capacity in the blood. By contrast to the Severing haus et al. study (1966) , the CBF responses occur ring during the hypocapnic hypoxia study by Kras-ney et al. (1984) are more difficult to explain. In the former study, a partial normalization of CBF oc curred during spontaneous breathing of the 10w-02 ambient air over 4 days, but the arterial P02 was controlled rigorously at 40 mm Hg for the whole period. As sheep red cells lack 2,3-diphospho glycerate, an influence on arterial O2 saturation would arise from arterial pH (Bohr effect). In the Krasney et al. study, an alkalotic shift of arterial pH from 7.48 to 7.58 was observed early in hypoxia (Fig. 1) with the subsequent normalization of pH at 72 h. The Bohr shift may be more pronounced in sheep (Fronticelli et aI., 1988) . Therefore, the Bohr effect, which causes increased hemoglobin affinity for O2, likely accounts for the elevated CBF occur ring early in hypoxia (Wollman et aI., 1968; Haggen dahl and Johansson, 1965) . In addition, any small rise in the hematocrit or arterial hemoglobin con centration would also tend to lower flow, although the erythropoietin mechanism in sheep is rather slug gish. In our studies (unpublished data) the measured hemoglobin concentration changed from 26 to 27%.
In our attempt to explain the reason for the return of CBF toward the control level in the hypocapnic sheep, we have purposely not invoked CSF alkalo sis as a contributing mechanism. Four days should suffice to reset the CBF control by ECF pH be cause the approach to normalization is mediated via loss of HC0 3 -. Hence, CSF alkalosis is likely to be more marked in the first 2 days of hypoxia rather than the last 2 days, as in the case in the blood. However, as Dempsey and Forster (1982) and Crawford and Severinghaus (1978) have pointed out, it is unlikely that complete normalization of perivascular [H +] will occur in humans as some CSF alkalosis persists in parallel with a persisting alkalosis in the blood. Although the Bohr effect can readily account for the early CBF response in the hypocapnic sheep, a discrepancy exists between the hypocapnic sheep and the eucapnic sheep at 72 and 96 h that is not readily accounted for. Both groups of sheep were isohydric at this point in terms of their plasma pH. By contrast to the human, be cause of the absence of a persisting alkalosis in the blood, the hypocapnic sheep should have read justed their brain perivascular [H +] rather more perfectly to a level similar to that occurring in the eucapnic sheep. Yet the CBF values in the eucapnic group at 72 and 96 h are much higher than those occurring in the hypocapnic group. The resolution of this discrepancy awaits the measurement of ce rebral ECF pH levels during hypocapnic and eucap nic hypoxia. Perhaps the early plasma alkalotic shift alters the subsequent cerebral vascular response to hypoxia.
J Cereb Blood Flow Metab, Vol. 10, No.6, 1990 Manohar et al. (1984) studied CBF responses to a period of hypoxia sustained for 7-8 weeks in instru mented calves using radiolabeled microspheres. Prior to the simulated altitude exposure, the calves showed increases in CBF in response to brief (22 min) periods of acute hypoxia. However, after 6 weeks of hypoxia in an altitude chamber, the total and regional CBF was similar to sea level values and cerebral O2 delivery was reduced. As is the case with sheep, cattle do not show marked changes in blood O2 capacity during hypoxia, although the hemoglobin concentration did in fact increase by 10%. The arterial Pco2 declined from 40 mm Hg at sea level to 35.5 mm Hg during simulated altitude. This study is difficult to interpret because the hyp oxia exposure was discontinuous. The hypobaric chamber was returned to sea level for 35-40 mini day for cleaning purposes. Nevertheless, the results of this study may be interpreted to indicate an ad aptation of the CBF vasodilator response to hypox ia at 7-8 weeks of altitude (see discussion below on high-altitude dwellers).
More recently, Huang et al. (1987) studied the responses of internal carotid and vertebral artery flow velocities during acclimatization of humans on Pikes Peak (4,300 m). They inferred CBF from Dop pler flow velocities. At 2-4 h at altitude CBF was unchanged from the sea level values, while a de layed increase of CBF was observed 18-44 h after arrival. The mechanism of the initial delay was un explained. Later, on days 4-12 at altitude, the CBF velocities returned to sea level values. These inves tigators were able to account for the readjustment of CBF back to sea level values by the increase of blood O2 capacity that occurred during days 4-12.
The importance of recognizing the potential con tribution of the arterial PC02 change is illustrated by returning to the data from Bocking et al. (1988) il lustrated in Fig. 2 . The CBF values at 1 h (+236%) are elevated much more than the CBF values ob served at 24 (+ 108%) and at 48 (+ 107%) h. The reason for this discrepant response may readily be attributed to the fact that, at 1 h, the fetal Paco2 was elevated by 7.7 mm Hg from the control value of 48.5 mm Hg. On the other hand, the Paco2 values at 24 and 48 h were not significantly different from the control value. Therefore, the responses at 24 and 48 h more accurately reflect the fetal CBF response to hypoxia.
It is possible that cerebral oxygen consumption (CMR02) might change during exposure to sus tained hypoxia and thereby influence CBF. How ever, the constancy of CMR02 has been well doc umented even in severe physiological derangements short of unconsciousness (Lassen, 1959) . There-fore, it has been assumed, for example, that CMR02 is not significantly different in chronic hyp oxia (Milledge and Sorenson, 1972) . On the other hand, specific data that describe CMR02 levels af ter days, weeks, or months of hypoxia in conscious animals or humans are lacking. Consequently, we must acknowledge the possibility that alterations in CMR02 may occur over time during hypoxia.
Yet another factor that could modulate the CBF response during sustained hypoxia is reflex activa tion of cerebral sympathetic nerves. Busija (1984) has demonstrated that activation of sympathetic nerves reduces the increment of CBF to the cere brum during acute hypoxia in the awake rabbit. Thus, it is theoretically possible that progressive elevation of cerebral sympathetic activity over time could have contributed to the subsequent decline of CBF observed by Krasney et al. (1984) during hy pocapnic hypoxia. However, the regional CBF re sponses observed in the Krasney et al. (1984) study were not significantly different, and thus the view that the sympathetic nerves exert a selective mod ulation on flow responses to the cerebrum in con trast to the brain stem and cerebellum as reported by Busija (1984) is not supported by these data.
HIGH-ALTITUDE DWELLERS
The studies described thus far have focused on CBF responses occurring during periods of hypoxia that last for days or for several weeks. A more dra matic test of the question of whether CBF adapts during sustained hypoxia may be performed by ex amining CBF responses in people who experience lifelong hypoxia as permanent altitude residents.
Specific comparisons of the CBF response occur ring during acute hypoxia upon arrival at altitude with the CBF responses present in people sojurning at altitude and natives who permanently reside at altitude have not been made. In this regard, it may be important to distinguish subjects or patients who suffer from acute mountain sickness from those who are minimally influenced by altitude exposure. Furthermore, it is necessary to compare CBF val ues present in lifelong healthy residents with the level of CBF present in patients having chronic mountain sickness or Monge's disease in which ex cessive polycythemia occurs (Winslow and Monge, 1987) . Milledge and Sorensen (1972) , Marc-Vergnes et al. (1973), and Sorensen et al. (1974) have reported data clearly demonstrating that CBF is normal or slightly below normal sea level values in highland ers. This could be interpreted as evidence that CBF adapts to lifelong hypoxia. However, it can be seen from Fig. 3 , redrawn from the Milledge and So rensen data (1972) , that the level of the hematocrit has a marked influence on CBF at sea level and at altitude. CBF values for normal, anemic, and poly cythemic subjects while breathing 100% O2 are pre sented. If the data of Milledge and Sorenson, ob tained from (A -V)02 differences in highlanders, are plotted on the same graph (the reciprocal is used), it is seen that the CBF for the highlanders, while averaging a little below the normal value for a hematocrit of 44%, nevertheless lies -15% above the CBF value expected for the actual hematocrit of 58%, indicating the cerebral vasodilator response to hypoxia is preserved in highlanders. We have also plotted the point from the Severinghaus et al. study (1966) , which indicates that the CBF in sojurners is elevated by -13% at 4 days in sojurners with a comparatively modest increase of hematocrit.
We take this to indicate a complete lack of any adaptation of CBF as we have chosen to use the term, i.e., an adaptation beyond that due to second ary factors. Our interpretation is strengthened by the fact that any shifts in the O2 equilibrium curve due to changes of red cell 2,3-diphosphoglycerate (1974) is plotted also. Redrawn from Milledge and Sorensen data (1972) .
should have returned to normal in these subjects. Moreover, we assume that although the mechanism is imperfect, brain perivascular [H +] has moved to ward normalization (Crawford and Severinghaus, 1978) ; there was no change of Paco2 in the highland ers upon O2 breathing.
For the sake of completeness we also have plot ted the data point from Marc-Vergnes (1974) , which indicates that the CBF in the highlanders he studied is somewhat below what we would expect for a he matocrit calculated to be 52% from his studies. Therefore, we must allow the possibility that some degree of adaptation of the CBF response to hyp oxia might nevertheless be present in highlanders.
CONCLUSION
The studies described in this review provide ev idence that strongly supports the thesis that the pri mary CBF response to hypoxia does not adapt. The progressive readjustments of CBF that have been reported to occur during periods of sustained hyp oxia lasting for up to 4 days in both human and animal experiments may be accounted for quantita tively by modulating influences resulting from changes in arterial O2 tension, hemoglobin affinity in vivo, blood O2 capacity, Pco2, and brain ECF pH. Data from lifelong hypoxic high-altitude dwell ers suggest, however, that perhaps there may be a minor adaptation of the CBF response to chronic hypoxia. Evidence in support of an adaptation has also been reported in cattle exposed to a simulated altitude for 7-8 weeks. The quantitative importance of the Bohr effect in modulating CBF during hyp oxia in species such as the sheep is clear from the hypocapnic versus eucapnic hypoxia experiments carried out over 4 days. However, the difference in CBF levels in the two types of experiments ob served late in hypoxia when brain perivascular [H+] levels should be similar requires further inves tigation.
